Metaiodobenzylguanidine (MIBG) is structurally similar to the neurotransmitter norepinephrine and specifically targets neuroendocrine cells including some neuroendocrine tumors. Iodine-131 (I-131)-labeled MIBG (I-131 MIBG) therapy for neuroendocrine tumors has been performed for more than a quarter-century. The indications of I-131 MIBG therapy include treatmentresistant neuroblastoma (NB), unresectable or metastatic pheochromocytoma (PC) and paraganglioma (PG), unresectable or metastatic carcinoid tumors, and unresectable or metastatic medullary thyroid cancer (MTC). I-131 MIBG therapy is one of the considerable effective treatments in patients with advanced NB, PC, and PG. On the other hand, I-131 MIBG therapy is an alternative method after more effective novel therapies are used such as radiolabeled somatostatin analogs and tyrosine kinase inhibitors in patients with advanced carcinoid tumors and MTC. No-carrier-aided (NCA) I-131 MIBG has more favorable potential compared to the conventional I-131 MIBG. Astatine-211-labeled meta-astatobenzylguanidine (At-211 MABG) has massive potential in patients with neuroendocrine tumors. Further studies about the therapeutic protocols of I-131 MIBG including NCA I-131 MIBG in the clinical setting and At-211 MABG in both the preclinical and clinical settings are needed.
Introduction
Metaiodobenzylguanidine (MIBG), which is derived from ganglionic blocking drug guanethidine, is an analog of norepinephrine (NE) and specifically targets neuroendocrine cells including some neuroendocrine tumors such as neuroblastoma (NB), pheochromocytoma (PC), and carcinoid tumors [1, 2] . MIBG, which can be labeled with iodine-131 (I-131) and iodine-123 (I-123), was first reported as adrenomedullary scintigraphic agents with use of their gamma-rays [1, 3] . Subsequently, I-131-labeled MIBG (I-131 MIBG) came into use as a therapeutic agent for patients with neuroendocrine tumors because of emitting a beta ray with cytocidal effect. Early I-131 MIBG therapies were reported in the 1980s. The first I-131 MIBG therapy was performed in patients with PC [4] . Additionally, I-131 MIBG therapies for patients with NB and carcinoid tumor were reported in 1986 [5, 6] . Since then, I-131 MIBG therapy has been widely used for some neuroendocrine tumors.
Mechanism of MIBG Uptake in Neuroendocrine Tumors
MIBG is structurally similar to NE and its uptake into neuroendocrine cells is similar to the uptake of NE. There are two pathways of the uptake of MIBG into neuroendocrine cells. One is a specific uptake system (uptake one) and the other is a nonspecific uptake system [7, 8] . Uptake one is an active pathway by a NE transporter (NET). It is sodium-dependent, temperature-dependent, energy-requiring, low-capacity, highaffinity, and saturable for MIBG and NE. The nonspecific uptake is a sodium-independent, temperature-dependent, energy-independent, unsaturable passive, and diffusional mechanism [7] [8] [9] . Under the clinical condition with I-131 MIBG therapy, the majority of MIBG uptake into neuroendocrine cells is via uptake-one by NET [9] [10] [11] . The uptake of MIBG into neuroendocrine cells is strongly linked to NET. Several neuroendocrine tumors originating from the neural crest such as NB, PC, carcinoid tumors, and medullary thyroid cancer (MTC) express NET with their cell membranes and transport MIBG into themselves.
After MIBG enters neuroendocrine tumor cells, most MIBG is stored in neurosecretory granules via the vesicular monoamine transporter (VMAT) within the tumor cells of PC and other well-differentiated tumors [12] . As with the expression of NET, the expression of VMAT is thought to be an important factor for the MIBG uptake in tumor cells [13] . By contrast, NB cells store MIBG mainly in the cytoplasm and/or mitochondria because of having fewer neurosecretory granules than other neuroendocrine tumors [14, 15] .
Indications and Contraindications of I-131 MIBG Therapy
The current indications and contraindications of I-131 MIBG therapy for neuroendocrine tumors are stated in the European Association of Nuclear Medicine (EANM) procedure guidelines and the Japanese Society of Nuclear Medicine (JSNM) draft guidelines [16, 17] .
In the EANM procedure guidelines, the indications of I-131 MIBG therapy include stage III or IV NB, inoperable PC and paraganglioma (PG), inoperable carcinoid tumors, and metastatic or recurrent MTC [16] . In the JSNM draft guidelines, the indications include treatment-resistant NB, unresectable or malignant PC and PG (PCPGs), unresectable or malignant carcinoid tumors, and unresectable MTC [17] . These tumors need MIBG uptake at the diagnostic scintigraphy with I-123 MIBG or I-131 MIBG before I-131 MIBG therapy. If tumors have no radiolabeled MIBG uptake at the pretherapy-diagnostic scintigraphy, I-131 MIBG therapy should not be performed. The most desirable aim of I-131 MIBG therapy is to achieve complete remission; however, it is rather difficult to obtain complete remission with I-131 MIBG therapy. The main aims of I-131 MIBG therapy are to constrict tumor progression, to relieve symptoms directly from primary or metastatic lesions, and to alleviate symptoms from hormonal abnormality.
Absolute contraindications include renal failure requiring short-term dialysis and life expectancy less than 3 months except in case of refractory bone pain, pregnancy, and patients who cannot stop breastfeeding. Relative contraindications include unmanageable medical risk and urinary contamination in the radiation-isolation room, decreased renal function with glomerular filtration (GFR) rate less than 30 mL/min, and myelosuppression with a white blood cell count less than 3000/μL or platelet count less than 100,000/μL. In the JSNM draft guidelines, life expectancy less than 1 month and decreased renal function with GFR less than 30 mL/min are included in the absolute contraindications [17] .
Thyroid Blockage for I-131 MIBG Therapy
Free I-131, which is dissociated from I-131 MIBG, may accumulate in thyroid gland and cause hypothyroidism by irradiation. To inhibit the accumulation of free I-131 in thyroid gland, thyroid blockage with stable iodine is important [18] . In the JSNM draft guidelines, the oral administration of 300 mg/ day potassium iodide or 1.5 mL/day Lugol's solution from 1 to 3 days before to 7 to 14 days after I-131 MIBG administration is recommended [17] . Capsules of oral iodine are desirable for children because of their less bitter taste. More aggressive regimens of thyroid blockage may reduce the risk of hypothyroidism after I-131 MIBG therapy. The combination use of thyroxine, methimazole, and potassium iodide and the combination use of potassium iodide and potassium perchlorate resulted in better protection of thyroid function in patients with NB [19, 20] .
Toxicities of I-131 MIBG Therapy
The most important toxicity of I-131 MIBG therapy is hematotoxicity which occurs dose-dependently at I-131 MIBG doses. The hematotoxicity usually appears a few weeks after I-131 MIBG administration and continues for a few months. The toxicity is more frequent in patients with bone marrow metastases and a higher whole-body radiation dose [21] . The maximum tolerated dose of I-131 MIBG therapy without hematopoietic cell transplantation (HCT) is considered as 444 MBq/kg (12 mCi/kg) in patients with NB [22, 23] . When considering I-131 MIBG therapy at a dose of more than 444 MBq/kg (12 mCi/kg), hematopoietic cell support should be prepared. In patients with NB, about one third of them treated with 666 MBq/kg (18 mCi/kg) required HCT [23] . In patients with PCPGs, severe hematotoxicities, which corresponded to grade 3 or 4 by the common terminology criteria for adverse events (CTCAE) version 4.0, were seen in more than 80% of 50 patients treated with the median 444 MB/kg (12 mCi/kg) of I-131 MIBG, and HCT was needed in 8% of them [24] .
Common acute non-hematological toxicities include anorexia, nausea, and sialadenitis and usually occur within a few days after I-131 MIBG administration [25] . Most of them are mild and controllable. In a report of I-131 MIBG therapy at a dose of 157 to 804 MBq/kg (4.2 to 21.7 mCi/kg) for 66 patients with newly diagnosed NB, nausea and vomiting without exceeding grade II by the CTCAE version 4.0 were observed in 11 and 21% [26] . In a report from the USA, sialadenitis were observed in 5 of 10 patients with NB or PC within 24 h after 444 to 666 MBq/kg (12 to 18 mCi/kg) I-131 MIBG administrations [27] . However, all patients did not develop subsequent dry mouth and dysphagia. Severe non-hematological toxicities are relatively uncommon; however, they are potentially lethal, especially in patients treated with higher doses of I-131 MIBG. In a report of high-dose I-131 MIBG therapy for 50 patients with metastatic PCPGs, some severe nonhematological toxicities including two acute respiratory distress syndromes (ARDSs), two bronchiolitis obliteransorganizing pneumonias (BOOPs), and one pulmonary embolism were observed [24] . A patient with ARDS died after multiple organ failure. When considering high-dose I-131 MIBG therapy, physicians have to pay careful attention to not only hematological but also non-hematological toxicities.
Hypothyroidism is a typical late toxicity, despite thyroid blockage with potassium iodine. In a report from the Netherlands, 22 of 42 patients with NB presented thyrotropin elevation and 8 patients required thyroxine replacement after a mean of 1.4 years of I-131 MIBG therapy [28] . The same institution reported that 8 of 16 survivors with NB developed hypothyroidism required with thyroxine after a median of 15.5 years of I-131 MIBG therapy [29] .
The cumulative incidences of secondary malignancies after the first I-131 MIBG therapy were 7.6% at 5 years and 14.3% at 10 years in patients with advanced NB [30] . These results were similar to those of myeloablative therapy. Leukemia, angiomatoid fibrous histiocytoma, schwannoma, and rhabdomyosarcoma were reported after I-131 MIBG therapy in NB patients [31, 32] . Because most patients who receive I-131 MIBG therapy have been treated with several other intensive therapies before and after I-131 MIBG therapy, it is difficult to evaluate the effect of I-131 MIBG therapy on secondary malignancies.
I-131 MIBG Therapy for NB
NB derives from embryonic neural crest cells that potentially differentiate into sympathetic nerve and arises from the tissue of the sympathetic nervous system typically from adrenal medulla and extra-adrenal paraganglia [33] . The tumor is the most frequent extracranial malignant solid tumor in childhood. It accounts for 8 to 10% of all childhood malignant tumors and annually occurs in 1.02 cases per 100,000 children under 15 years of age [34] . More than one third and more than 90% of the patients are diagnosed before 1 and 5 years of age, and the median age at diagnosis is 18.8 months [35, 36] . About half of the patients have hematogenous metastases such as bone, bone marrow, liver, and lymph nodes [37] . Patients with an age greater than 12 or 18 months at diagnosis, metastatic lesions, and MYCN amplification have more unfavorable outcomes [35, 37, 38] . Despite the current intensive treatment with induction, consolidation and postconsolidation therapies, the 5-year overall survival (OS) rate in patients with high-risk NB is less than 50% [39, 40] . In patients with refractory or relapsed NB, the 5-year OS rate is even worse at less than 20% [41] .
As NB originates in sympathetic nerve-related neural crest cells, the tumor has high expression of the NE transporter and approximately 90% of them have MIBG uptake in their cells [42, 43] . Therefore, radiolabeled MIBG is reasonable for the therapy of NB. Since the first I-131 therapy for NB was performed [5] , many studies of monotherapy with I-131 MIBG for refractory or relapsed NB have shown that the objective response rates were 0 to 57% (Table 1) [22, 23, [44] [45] [46] [47] . Compared to lower doses of I-131 MIBG, higher doses tend to achieve more favorable responses. A Dutch phase II study with 3.7 to 7.4 GBq (100 to 200 mCi) of I-131 MIBG for 53 patients with refractory or relapsed NB reported that the objective response rate was 57%, and 7 of 53 patients could achieve complete responses (CR) [44] . In a French phase II study, 26 patients with refractory or relapsed NB received 1.1 to 4.0 GBq (30 to 108 mCi) of I-131 MIBG per each therapy [45] . Despite obtaining pain reduction in 50% of the patients, the objective response rate was 0%. In an Israeli study with a dose of 185 MBq/kg (5 mCi/kg) per each therapy for 10 symptomatic patients with refractory NB, pain reductions were obtained in 90 and 75% of patients at the first and the second therapies without anticipated toxicities [48] . Though lower doses of I-131 MIBG therapy obtain fewer objective responses, the method is safe and useful for the aim of disease palliation for symptomatic patients with refractory and relapsed NB. In a dose escalation phase I study with each dose of 111 to 666 MBq/kg (3 to 18 mCi/kg) for 30 patients with refractory or relapsed NB, the most important toxicity was myelosuppression, and the maximum tolerated dose without hematopoietic cell support was 444 MBq/kg (12 mCi/kg) [22] . Objective responses were achieved in 37% of all the 30 patients. The doses at 444 MBq/kg (12 mCi/kg) or higher had improved responses compared to the lower doses. In a phase II study in the USA for patients with refractory or relapsed NB, 16 patients without HCT and 148 patients with HCT were treated with 444 MBq/kg (12 mCi/kg) and 666 MBq/kg (18 mCi/kg) I-131 MIBG [23] . The objective responses were 25 and 37% in patients treated with a dose of 444 MBq/kg (12 mCi/kg) and 666 MBq/kg (18 mCi/kg). The 1-year eventfree survival (EFS) rate and OS rate were 18 and 49%, respectively. The EFS rate was significantly longer in patients with objective responses at I-131 MIBG therapy, older age, and fewer prior treatments. As a single therapy, I-131 MIBG therapy is one of the highest effective procedures in patients with refractory or relapsed NB.
To improve the therapeutic effect, several groups attempted the combination use of I-131 MIBG and other therapies such as radiation sensitizer, myeloablative chemotherapy, and HCT (Table 1 ). An Italian group treated refractory or relapsed NBs with cisplatin and cyclophosphamide with or without etoposide and vincristine in addition to 7.4 GBq (200 mCi) I-131 MIBG [49] . Objective responses were obtained in 75% of 16 patients. The main toxicity was myelosuppression associated with the chemotherapy. Regardless of the relatively low dose of the study, the result was superior to the results of I-131 MIBG mon otherapies. The N ew Approac hes to Neuroblastoma Therapy (NANT) consortium tried to combine some chemotherapy agents with I-131 MIBG. A phase I and I/II study with vincristine, irinotecan, and I-131 MIBG and a phase I study with vorinostat and I-131 MIBG were reported [50] [51] [52] . The combined uses with 666 MBq/kg (18 mCi/kg) I-131 MIBG and these agents were well tolerable with controllable toxicities. Now, a phase II randomized study of I-131 MIBG alone, I-131 MIBG with vincristine and irinotecan, and I-131 MIBG with vorinostat is in progress (Clinical Trials. Gov identifier: NCT02035137). In a phase II study from the USA [53] , 19 patients with refractory or relapsed NB were treated with 444 MBq/kg (12 mCi/kg) or 666 MBq/kg (18 mCi/kg) I-131 MIBG and arsenic trioxide, which was preclinically proven to act as a radiation sensitizer of several tumors such as glioblastoma and fibrosarcoma [54, 55] . The combination therapy was well tolerated without unanticipated toxicity. However, there was no radiation-sensitizing effect on I-131 MIBG therapy in patients with NB. After several pilot and feasibility studies of I-131 MIBG therapy with myeloablative chemotherapy supported by autologous HCT (auto-HCT) [56] [57] [58] , a phase I dose escalation study from the NANT consortium evaluated the feasibility and effectivity of I-131 MIBG therapy with myeloablative chemotherapy in patients with refractory NB [59] . Twenty-four patients with refractory NB were treated with an escalation dose of I-131 MIBG on day − 21 along with carboplatin, etoposide, and melphalan (CEM) on days − 7 to − 4 supported by auto-HCT on day 0. The maximum tolerated doses in patients with normal renal function were 444 MBq/kg (12 mCi/kg) of I-131 MIBG, 1500 mg/m 2 of carboplatin, 1200 mg/m 2 of etoposide, and 210 mg/m 2 of melphalan. The estimated 3-year EFS rate and OS rate were 31 and 58%, respectively. In a phase II study from the same group, 50 patients with high-risk NB were divided into efficacious and inefficacious cohorts after induction therapy [60] . They were treated with I-131 MIBG therapy on day − 21 along with CEM on days − 7 to − 4 and auto-HCT on day 0. Objective responses were seen in 38% of all 8 patients in the efficacious group and in 10% of the evaluable 41 patients in the inefficacious group. The 3-year EFS rate and OS rate were 38 and 75% in the efficacious group and 20 and 62% in the inefficacious group, respectively. There was no statistical difference of EFS and OS between the two groups. A USA group reported the combination therapy with I-131 MIBG, busulfan, melphalan, and auto-HCT [61] . Eight patients with refractory NB were treated with 666 MBq/kg (18 mCi/kg) I-131 MIBG on day − 13 and auto-HCT on day 0. After 6 to 8 weeks, they received busulfan on days − 6 to − 2, melphalan on day − 1, and auto-HCT on day 0. After the combination therapy, three CRs and two partial responses (PRs) were obtained in the evaluable seven patients. The combined use with I-131 MIBG and other therapies may provide additional benefit for refractory and [62] . Some groups tried to use I-131 MIBG therapy for newly diagnosed NB. In a pilot study from Italy, 13 patients with newly diagnosed advanced NB received the combined therapy with chemotherapy and I-131 MIBG therapy [63] . Two CRs, six very good PRs, four PRs, and one mixed response were observed without non-hematologic toxicity. European groups evaluated the efficacy of upfront I-131 MIBG therapy and chemotherapy in patients with newly diagnosed high-risk NB. Patients were treated with two cycles of I-131 MIBG and topotecan before the standard induction therapy, surgery, and myeloablative chemotherapy supported by auto-HCT [64] . The objective response rate after auto-HCT was 57% of 16 patients, and the 10-year OS rate was only 6%. A similar European group evaluated the efficacy of two upfront cycles of I-131 MIBG therapy followed by German Pediatric Oncology Group 2004 Neuroblastoma protocol, myeloablative therapy, and auto-HCT in patients with newly diagnosed high-risk NB [65] . The objective response rates after I-131 MIBG therapy and auto-HCT were 38 and 71%, respectively. They concluded that the induction therapy with upfront I-131 MIBG was effective and tolerable in patients with newly diagnosed high-risk NB. A Korean group incorporated MIBG therapy at a dose of 444 MBq/kg (12 mCi/kg) or 666 MBq/kg (18 mCi/kg) into tandem myeloablative chemotherapy and auto-HCT in patients with newly diagnosed high-risk NB [66] . The study replaced only I-131 MIBG therapy with total body irradiation (TBI) in the previous SMC NB-2004 study from the same group in order to reduce toxicities [67] . The 5-year EFS rate and OS rate were 58 and 72%, respectively. Compared with TBI, I-131 MIBG therapy incorporated into tandem myeloablative chemotherapy and auto-HCT could achieve an equivalent survival rate with lower toxicities. To clarify the efficacy of I-131 MIBG therapy incorporated in the treatment regimen of newly diagnosed NB, further studies are needed.
Recently, peptide receptor radionuclide therapy (PRRT) with radioactive somatostatin analogs such as Lutetium-177 (Lu-177) DOTA-TATE has been developed for neuroendocrine tumors. Some studies demonstrated their favorable efficacy in patients with refractory or relapsed NB [68, 69] . Compared to PRRT, I-131 MIBG therapy has the advantage in more evidence and longer experience for patients with NB.
I-131 MIBG Therapy for PCPGs
PCPGs are tumors of chromaffin tissues derived from neural crest. PC arises from the adrenal medulla and PG from the extra-adrenal tissue mainly along with the sympathetic and parasympathetic nervous system [70] . Most PCPGs without parasympathetic PG secrete catecholamines which cause various symptoms such as paroxysmal or sustained hypertension, headaches, palpitation, and obstipation. PCPGs are very rare and the annual incidence of both tumors is approximately 0.2 to 1.0 per 100,000 [71] [72] [73] . The tumors are mostly diagnosed in the third to fifth decade and are equally common in men and women [74] . About 10% of patients with PC have metastases at their diagnosis, and patients with PG have it more frequently [75, 76] . The 5-year OS rate of metastatic PCPGs is approximately 50% and the 10-year OS rate is 25% [77, 78] . In the 2017 World Health Organization classification of endocrine tumors, benign PC and malignant PC were combined into a single section BPC,^because both benign and malignant PCs have the same histological findings and could have the same metastatic potential [79] . Thus, the term Bmalignant^is replaced with Bmetastatic^in patients with metastatic lesions. The change in terminology applies to PG.
PCPGs take MIBG in their cells through NET and store MIBG mainly in their neuroendocrine granules, and thus approximately 90% of PC and 70% of PG have MIBG uptake in their cells [12, 80] . I-131 MIBG therapy has been widely used for metastatic or unresectable MIBG-avid PCPGs. Several groups have tried single or repeated therapy with a variable dose of I-131 MIBG and reported that objective, hormonal, and symptomatic response rates ranged from 0 to 63%, 10 to 71%, and 23 to 90%, respectively (Table 2 ) [24, [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] .
Though low-dose I-131 MIBG therapy, which was approximately less than 11.1 GBq (300 mCi), could not achieve a satisfactory objective response ranged from 0 to 30% and seldom achieved CR, the method could achieve a comparatively high hormonal response rate ranging from 10 to 50% and a symptomatic response rate ranging from 23 to 76% without severe hematological and non-hematological toxicities (Table 2) [81] [82] [83] [84] 86] . In a report from the USA, 116 patients with metastatic PCPGs were treated with a single dose of I-131 MIBG ranging from 3.6 to 11.1 GBq (96 to 300 mCi) [82] . Objective, hormonal, and symptomatic response rates were 30, 45, and 76%, respectively, and five patients obtained complete objective and hormonal responses. Patients with soft tissue metastases had better therapeutic effects than those with bone metastases. Our group treated 26 metastatic PCPGs with a single dose of 3.7 GBq (100 mCi) or 7.4 GBq (200 mCi) of I-131 MIBG and obtained hormonal responses in 36% and symptomatic responses in 52% [84] . Though the objective response rate after the first therapy was zero, 85% of patients could be maintained in a stable condition, and the 5-year OS rate after I-131 MIBG therapy of the study was 50%. We demonstrated that no hormonal progressive disease (PD), no objective PD, no symptoms from bone metastases, and multiple times of I-131 MIBG therapy were good prognostic factors of low-dose I-131 MIBG therapy for patients with metastatic PCPGs. Because of low frequency of severe hematological and non-hematological toxicities, patients with metastatic PCPGs can receive repeated low-dose of I-131 MIBG therapy in safety and obtain long-term disease control [91] . Figure 1 shows the representative case with good therapeutic effect of repeated low-dose I-131 MIBG therapies.
Compared to low-dose I-131 MIBG therapy, high-dose I-131 MIBG therapy may achieve better therapeutic responses (Table 2) [24, 89, 90] . A USA group demonstrated that more than 18.5 GBq (500 mCi) doses of I-131 MIBG at their first therapies improved patient survival [87] . They also reported that hormonal and symptomatic responses were good prognostic factors of I-131 MIBG therapy. In a phase II study of highdose I-131 MIBG therapy for 30 patients with metastatic PCPGs, a single dose of I-131 MIBG which ranged from 20.6 to 43.8 GBq (557 to 1185 mCi) (median, 444 MBq/kg (12 mCi/kg)) achieved therapeutic responses in 63% of subjects including CR in 13% [90] . The 5-year OS rate after I-131 MIBG therapy was 75%. CR rates of high-dose I-131 MIBG therapy were higher than that of low-dose I-131 MIBG therapy. However, severe hematological toxicities were seen in over 70% of patients, and some severe non-hematological toxicities such as ARDS and BOOP were observed [24, 89, 90] .
A USA group tried to combine I-131 MIBG therapy and chemotherapy with cyclophosphamide, dacarbazine, and vincristine for six metastatic PCs [92] . Although the combination therapy provided additional therapeutic effect, the therapy increased toxicity and there was difficulty maintaining the planned chemotherapy protocol. Further evaluation of the availability of the combination therapy with I-131 MIBG and other therapies is needed.
There is no consensus about the dosage and the frequency of I-131 MIBG therapy for patients with PCPGs. There is little evidence on the combination use of I-131 MIBG and other therapies. However, I-131 MIBG therapy is effective in preventing disease progression and reducing symptoms derived from hormonal abnormality and metastatic lesions in patients with metastatic PCPGs.
As with PRRT for NB, several groups reported the favorable efficacy of PRRT for patients with PCPGs [93] [94] [95] . A UK group reported that PRRT with Lu-177 DOTA-TATE or Yttrium-90 (Y-90) DOTA-TATE achieved increased OS and EFS compared to I-131 MIBG therapy in patients with progressive or metastatic PG [95] . In the near future, PRRT may replace I-131 MIBG therapy as the first-line radionuclide therapy in patients with somatostatin receptor-positive PCPGs.
I-131 MIBG Therapy for Carcinoid Tumors
Carcinoid tumors derive from enterochromaffin or Kulchitsky's cells of the aerodigestive tract and are mainly located in the gastrointestinal tract and bronchopulmonary system [96] . Now, carcinoid tumors generically correspond to well-differentiated neuroendocrine tumors and mainly arise from the aerodigestive tract. The incidence of the tumors was reported as 4.7 and 4.4 per 100,000 from the USA and Sweden [97, 98] . Some carcinoid tumors typically derive from embryonic midgut secrete vasoactive substances such as serotonin, histamine, bradykinin, and prostaglandins [99] . These products cause carcinoid syndrome such as cutaneous flushing, venous telangiectasia, diarrhea, and bronchospasm. In a report from the USA, 19% of 9512 patients with neuroendocrine tumors had carcinoid syndrome [100] . Carcinoid tumors have the strong potential to metastasize [101] . The most metastatic site is liver and other sites are mesentery, retroperitoneum, bone, etc. The 5-year OS rate of metastatic carcinoid tumors was reported as 39% [102] . Carcinoid tumors theoretically take I-131 MIBG into their cells through the NET system [12] ; however, the uptake rates of I-131 MIBG in carcinoid tumors are not so high. The sensitivity of I-123 MIBG scintigraphy was reported as 36 to 61% [103] [104] [105] . On the other hand, somatostatin analogs such as Indium-111 pentetreotide and Gallium-68 DOTA-TATE are more sensitive in the detection of carcinoid tumors [104] [105] [106] . As with diagnostic agents, therapeutic radioactive somatostatin analogs such as Lu-177 DOTA-TATE and Y-90 DOTA-TOC are more favorable to the therapy in patients with carcinoid tumors. Several studies have demonstrated the remarkable efficacy of newer somatostatin analogs in patients with neuroendocrine tumors including carcinoid tumors [107] [108] [109] . Thus, the interest in I-131 MIBG therapy for carcinoid tumors has gradually subsided. Nonetheless, I-131 MIBG therapy remains a good alternative therapeutic choice, for example, in patients with absolute or relative contraindications for the therapy with radioactive somatostatin analogs because of impaired renal function or other reasons [110] .
Since the first I-131 MIBG therapy for carcinoid tumors was reported in 1986 [6] , several groups have tried I-131 MIBG therapy for the tumors and reported objective, biochemical, and symptomatic response rates which ranged from 0 to 28%, 29 to 37%, and 49 to 82%, respectively, and 5-year OS rates which ranged from 22 to 63% [111] [112] [113] [114] . A USA group treated 98 patients with metastatic carcinoid tumors with I-131 MIBG [112] . The median initial I-131 MIBG dose was 11.3 GBq (306 mCi) and the median total dose was 14.8 GBq (401 mCi). Objective, biochemical, and symptomatic response rates were 15, 37, and 49, respectively, and the 5-year OS rate was 22%. Patients with more than 14.8 GBq (400 mCi) of I-131 MIBG at their initial therapies and symptomatic responses after the therapy had better survival rates. In a German study, 20 patients with metastatic carcinoid tumors received 11.1 GBq (300 mCi) I-131 MIBG administrations and achieved 82% of symptomatic responses [114] . Though the objective response rate was zero, 80% of patients could be maintained at stable disease (SD) level. In carcinoid tumors, the main effect of I-131 MIBG therapy is symptomatic reduction and prevention of disease progression. 
I-131 MIBG Therapy for MTC
MTC is a tumor of parafollicular C-cell derived from embryonic neural crest and accounts for 1 to 2% of all thyroid cancers [115, 116] . Approximately one third of the tumors are hereditary diseases, which occur in the form of the multiple neuroendocrine neoplasia type 2 [116, 117] . The tumor secretes calcitonin and other substances, which cause diarrhea, facial flushing, and Cushing's syndrome, especially in advanced patients. Distant metastases are seen in 5 to 10% of the patients and mainly occur in the liver, lung, and bone [116, 118] . Disease stage is one of the important prognostic factors. In patients with MTC, 10-year OS rates with stage I-IV were 100, 93, 71, and 21%, respectively [119] .
Though the indication of I-131 MIBG therapy for MTC is described as unresectable or a metastatic state in the guidelines [16, 17] , there have been few reports of I-131 MIBG therapy for MTC because of its rare frequency and its relatively low MIBG uptake rate in patients with MTC [120, 121] . An Italian group treated 13 MTC patients with I-131 MIBG at the total dose of 16.6 to 50.0 GBq (448 to 1350 mCi) and obtained PR in 31% and SD in 31% [121] . A Chinese group treated three MTC patients with one to three administrations of 11.1 GBq (300 mCi) I-131 MIBG and obtained one PR and to SDs without severe hematological and non-hematological toxicities [122] . In a case report, a MTC patient with two liver metastases was treated with 5.6 GBq (150 mCi) of I-131 MIBG and achieved PR for 10 years [123] . Though there have been no prospective and randomized trials of I-131 MIBG therapy in patients with MTC, these reports indicate the beneficial potential of I-131 MIBG therapy. Recently, some tyrosine kinase inhibitors (TKIs) such as cabozantinib and vandetanib have been widely approved as effective and are recommended in patients with advanced or symptomatic MTC. I-131 MIBG therapy could be an alternative method in patients with resistance or contraindication to TKIs.
No-Carrier-Aided I-131 MIBG I-131 MIBG, which is synthesized by conventional method, includes non-radiolabeled MIBG molecules in high proportions. Non-radiolabeled MIBG competes against I-131 MIBG in NET and could reduce the therapeutic effect of I-131 MIBG therapy [124] . Some groups produced NCA I-131 MIBG and proved its favorable accumulations in tumor cells compared to conventional I-131 MIBG in preclinical settings [125, 126] . Based on a phase I study from the USA in patients with PCPGs and carcinoid tumors [127] , 15 patients with refractory or relapsed NB were treated with NCA I-131 MIBG at an escalation dose of 444 to 666 MBq/kg (12 to 18 mCi/kg) supported by HCT in a phase II study [128] . All patients could achieve the therapy without dose-limiting toxicity, and objective responses were obtained in 27% of the patients. A phase II study of I-131 Iobenguane in patients with metastatic PCPGs is now ongoing (Clinical Trials. Gov identifier: NCT02961491).
Astatine-211 (At-211)-Labeled Meta-astatobenzylguanidine At-211 emits alpha particles with high linear energy transfer within a very short range of only a few cell diameters in tissues [129] . Compared to beta particles, alpha particles are more suitable for the radionuclide therapy theoretically for small tumors because of their shorter range, higher linear energy transfer, and stronger cytotoxicity. A clinical pilot study with At-211 labeled antitenascin monoclonal antibodies in patients with brain tumors demonstrated their feasibility, safety, and efficacy without severe toxicities [130] . At-211-labeled meta-astatobenzylguanidine (At-211 MABG) was developed and proven to have stronger cytotoxicity compared to I-131 MIBG in human NB cells with NETs expressions [131, 132] . For more convenient use of At-211 MABG, a kit method of the synthesis of At-211 MABG also has been developed [133] . 
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